To estimate the relative stability of the three types of reverse base-pairs, crystals were grown using various mixtures of sequences and their strand compositions analyzed by mass spectrometry. The d(G ÁC) reverse Watson-Crick base-pair was estimated to be more stable by $1.5 kcal/mol and the d(G ÁT) reverse wobble basepair more stable by $0.5 kcal/mol than the d(G Á G) reverse Hoogsteen base-pair. The step during crystallization responsible for discriminating between the strands in the crystal is highly cooperative, suggesting that it occurs during the initial nucleating event of crystal growth.
Introduction
The proper pairing of nucleotide bases ensures ®delity in replication and transcription of the genetic information in a cell. The pairing of guanine with cytosine and adenine with thymine in what is now known as standard Watson-Crick base-pairing forms the basis for the structure of antiparallel DNA and RNA duplexes. Unusual base-pairs, however, also play important roles in the transmission of genetic information. Here, we study the structures of reversed base-pairs formed by nucleotides that overhang at the 5 H -end of the homoduplex d(Gm 5 CGCGCG) 2 , and of the
d(GCGCGCG)/d(TCGCGCG) and d(GCGCGCG)/ d(CCGCGCG) heteroduplexes. A distorted d(G ÁG)
reverse Hoogsteen base-pair is formed in the homoduplex, while d(G Á T) reverse wobble and d(GÁ C) reverse Watson-Crick base-pairs of the type observed in RNA structures form in the respective heteroduplexes. The two strands of most DNA and RNA structures are oriented antiparallel to each other. In DNA duplexes, Watson-Crick-type base-pairs are the predominant interactions that hold the two strands together. When bases are mismatched in DNA, unusual base-pairing can occur, including wobble base-pairs between G and T and Hoogsteen-type base-pairs between two purine nucleotides ( Figure 1 ). These are less stable than standard Watson-Crick-type base-pairs. In RNA structures, unusual base-pairing is more prevalent, and has been observed to stabilize the complex tertiary structures of large polynucleotides such as tRNA (Quigley & Rich, 1976) , hammerhead ribozymes (Pley et al., 1994) , and the self-splicing group I intron from Tetrahymena thermophila (Cate et al., 1996) .
Watson-Crick, wobble, and Hoogsteen-type base-pairs all have reverse analogues in which one base is completely inverted. Here, we refer to``reverse'' base-pairs as the pairing of the nucleotide bases in which the glycosidic bonds are oriented essentially antiparallel to each other ( Figure 1 ). The three base-pairs that we study here are asymmetric in the same manner that the normal pairings are asymmetric. The Hoogsteen and reverse Hoogsteen d(GÁ G) pairs match the Watson-Crick face of one purine with the Hoogsteen face of the second. The reverse analogues of the d(GÁT) wobble and d(GÁ C) Watson-Crick base-pairs match the two respective Watson-Crick faces of the bases. In contrast, truly symmetric reverse base-pairs, with two identical bases related by a dyad axis perpendicular to the base-pair plane, have been used in the design of synthetic parallel-stranded DNA oligomers (Rippe et al., 1992; Robinson et al., 1994) . These are interesting structures, although their biological relevance has yet to be determined.
In large RNA structures, however, loops that fold into local secondary and tertiary structures often require the formation of unusual base-pairs, including reverse base-pairs even if the strands are in antiparallel orientations. For example, in the crystal structure of yeast tRNA Phe , a reverse Watson-Crick base-pair at (G15 Á C48) links the a region of the D arm to the variable V loop, and a reverse Hoogsteen base-pair at (G22Ám 7 G46) links the D arm to the variable V loop (Kim, 1978) . In a second example, a reverse Hoogsteen-type basepair forms between G7 and G11 at the base of a GNRA structural motif in an RNA aptamer designed to recognize and bind ATP (Jiang et al., 1996) . Finally, in the NMR solution structure of the hairpin formed by r(GGAC(UUCG)GUCC), a r(GÁU) reverse wobble base-pair stabilizes the base of a two nucleotide loop (Varani et al., 1991) . This hairpin structure is thought to occur frequently in ribosomal and messenger RNAs. Thus, nonWatson-Crick base-pairs are important for the proper folding of RNA molecules into the compact tertiary structure of their functional forms. 
base-pair are numbered to orient the reader to the standard numbering of the purine and pyrimidine bases. The glycosidic bond that links the bases to the deoxyribose (R) in the reverse base-pairs are oriented antiparallel to each other so that there is no distinction in terms of major and minor grooves, as there are in the normal base-pairs. There is, however, a common guanine in the three structures studied here, and the major and minor grooves of this base are used as the reference in discussing the surfaces in the text. The Watson-Crick face of the bases includes the N1 base nitrogen atom, N2 amino nitrogen atom and O6 keto oxygen atom of the guanine residue and the O2 keto oxygen atom, N3 base nitrogen atom and N4 amino nitrogen atom of the pyrimidine bases of thymine and cytosine. The Hoogsteen face of guanine is de®ned by the O6 keto oxygen atom and the N7 base nitrogen atom of the purine base.
Structure and Stability of Reverse Base-pairs
Non-Watson-Crick base-pairs are also important for RNA-protein recognition. Genetic and biochemical studies have shown that protein binding sites in RNA are often associated with important non-Watson-Crick base-pairs (Allmang et al., 1994; Ibba et al., 1996) . In addition, protein binding of RNA loops can induce the formation of nonWatson-Crick base-pairs. For example, the HIV Rev peptide binding to the Rev responsive element (RRE) in the env gene of HIV is associated with the formation of two homopurine base-pairs in an internal RNA loop (Battiste et al., 1994; .
The infrequent occurrence of reverse base-pairs makes it dif®cult to study the intrinsic stability associated with speci®c structures. We present here the atomic resolution structures of three different reverse base-pairs formed by nucleotides that overhang the 5 H -ends of DNA duplexes. By studying the structures of these base-pairs and their effects on duplex formation during crystallization, we have estimated the stability of the d(G Á C) reverse Watson-Crick and d(G ÁT) reverse wobble basepairs relative to the distorted d(G Á G) reverse Hoogsteen base-pair.
Results
We have solved the structures of the heptanucleotide duplexes d(GCGCGCG) 2 d(Gm 5 CGCG-CG) 2 ) (where m 5 C is cytosine methylated at the C5 carbon of the base), d(GCGCGCG)/d(TCGCGCG) and d(GCGCGCG)/d(CCGCGCG). In all four structures, the six underlined nucleotides pair to form left-handed Z-DNA d(CGCGCG) duplexes. The nucleotides within these duplexes are numbered 1 to 7 for each nucleotide of the common d(GCGCGCG) strand, and 8 to 14 for the opposing d(NCGCGCG) strand (where N is either G, C, or T). A single nucleotide (G1 of d (GCGCGCG) Figure 2(a) ). However, only the structure of the methylated sequence will be discussed here; it provided a more reliable structure, as was evident from the ®nal R-factors of the re®ned structures. The duplexes of d(GCGCGCG)/ d(TCGCGCG) form reverse wobble d(GÁT) basepairs (rwGT) (Figure 2(c) ), while the duplexes (Figure 2(b) ). Thus, in all the structures, the overhanging nucleotide G1 remains stacked against the Z-DNA duplex, while N8 is extra-helical (Figure 3 ). In the remainder of this section, we will ®rst discuss the duplex structures and crystal lattice interactions that are common to all the sequences, followed by a more detailed description of the structure for each type of base-pairing.
Z-DNA duplex structure
The six bases at the 3 H -end of each sequence form standard Watson-Crick d(CÁ G) base-pairs. The resulting structure is a left-handed duplex that is nearly identical to the Z-DNA structure of d(CG) 3 (Wang et al., 1979 (Wang et al., , 1981 . The base conformations alternate between anti for the dC nucleotides (w % À150
) and syn for the dG nucleotides (w % 60 ) along each strand of the duplex. The sugar conformations alternate between C2
H -endo for the dC and C3
H -endo for the dG nucleotides. The C3 H -endo sugar facilitates formation of the syn conformation by the purine bases. The 3 H -terminal dG nucleotide of each strand, although in the syn conformation, adopts a C2 H -endo sugar conformation, as was observed in all the standard Z-DNA structures of hexanucleotides (Ho & Mooers, 1997) . H -ends were excluded from the phasing information used to calculate the structure factors. The hydrogen bonds that link the two bases of each base-pair and the common guanosine in syn to its deoxyribose sugar are indicated by the broken lines, along with the distances for each hydrogen bond.
Thus, the duplexes have the general features of Z-DNA as de®ned by the prototype structure of d(CG) 3 .
The helical parameters of the duplex structures are compared to that of d(CGCGCG) in greater detail in Table 1 . The helical twist alternates on average between À9.1 for the d(CpG) step and À47.7
for the d(GpC) step for all three structures, to give an average of À28.4 per base-pair. This is nearly identical to the À30.1 twist per base-pair observed in the structure d(CG) 3 . When comparing the individual structures, the helical twists between the base-pairs of the homoduplex are identical (to within one standard deviation) to those of the analogous base steps in standard Z-DNA. The two heteroduplexes, however, are slightly less lefthanded at the d(GpC) dinucleotide steps than observed in d(CG) 3 . This distortion in the heteroduplex structures is associated with perturbations required to pair the base of the extra-helical nucleotides with the stacked guanosine residue G1 of an adjacent duplex.
The other obvious difference is the large buckle of the base-pairs at the ends of the duplex regions in all of the current structures. The Z-DNA structure of d(CG) 3 is very rigid, and the base-pairs very planar (showing very little propeller twisting or buckling). The high buckle at the ends is again likely associated with distortions required to form the unusual base-pairs here. All other helical parameters, including the rise at each base step and the propeller twist at each base-pair are identical to those in the structure of d(CG) 3 .
The solvent structures at the major groove surface and the minor groove crevice of the Z-DNA duplexes are for the most part nearly identical to that of the magnesium form of d(CG) 3 (Gessner et al., 1989) . For most base-pairs, two water molecules bridge the N4 amino groups at the major groove surface of adjacent cytidine residues in each d(CpG) dinucleotide step. Differences in the pattern of water interactions at this surface result from disruptions caused by the binding of a Co(NH 3 ) 6 3 complex at the central d(CpG) dinucleotide. The amino ligands from this complex form hydrogen bonds to the O4 oxygen atom and N7 nitrogen atom of G5, while two amino groups hydrogen bond to the phosphate oxygen atom of the phosphodiester linking C4 to G5. This phosphate oxygen atom is also hydrogen-bonded to a water ligand of a hydrated magnesium complex. Water molecules from this Mg(H 2 O) 6 2 complex also form hydrogen bonds to the backbones of two adjacent duplexes and to the N7 of G12 on one of these duplexes. Thus, the hydrated magnesium Structure and Stability of Reverse Base-pairs links together three duplexes and appears to be important in stabilizing the crystal lattice.
In the minor groove, the four central d(CÁ G) base-pairs show a spine of interconnected water molecules. This spine is formed by two water molecules lying nearly in the plane of each base-pair. The disruption of this spine at the terminal basepairs is associated with the large buckling and the unusual stacking of the paired overhanging nucleotides. The DNA structure and the solvent structure around the six standard Watson-Crick d(GÁC) base-pairs, therefore, are very similar to that of standard Z-DNA, with some variations that are speci®c for the crystal lattice interactions.
Crystal lattice interactions
The duplexes are aligned end-to-end along the crystallographic c-axis, similar to the stacking of Z-DNA hexanucleotides in this same space group (Figure 3 ). In the crystal lattice of standard Z-DNA hexanucleotides, the duplexes stack end-to-end to form quasi-continuous columns along the c-axis. Each adjacent column is staggered by two basepairs along this axis. In the current heptamer structures, however, the adjacent Z-DNA duplex regions are all exactly aligned. This can be envisioned as a series of discrete stacked sheets of Z-DNA.
The most noticeable feature of the crystal lattice, however, is that in these heptanucleotide sequences, there is a single base overhanging each 5 Hend. The structures of the overhanging nucleotides are not identical, even in the homoduplex d(GCGCGCG) 2 . In all cases, one of the overhanging guanosine nucleotide residues sits stacked against the duplex, while the other nucleotide residue (whether it is guanosine, cytidine, or thymidine) is extra-helical, extending out and away from the duplex. The extra-helical base pairs with the stacked guanosine residue of an adjacent duplex within each layer, effectively interlinking the Z-DNA duplexes. The extra-helical base also serves to ®ll the gap between two stacked duplexes. Thus, the lattice consists of layers of duplexes in which each duplex is linked to two adjacent duplexes by pairing the bases that overhang the 5 H -ends. The pairing of extra-helical bases has previously been observed in the crystal structure of the Z-DNA hexamer of d(CCGCGG) (Malinina et al., 1994) . In this case, the bases at both ends¯ip out and form Watson-Crick base-pairs between adjacent duplexes, leaving only four standard base- 
Buckle (degree/base-pair) C2 Á G14 1.9 10.2 10.0
Values of twist, rise, propeller twist, and buckle are shown for each of the three structures (rhGG, rwcGC, and rwGT) described in the text and are compared with the 1.0 A Ê crystal structure of d(CG) 3 containing only MgCl 2 (Gessner et al, 1989 ). Morphologies of the 5 H -overhanging ends are not shown. Each structure was evaluated using the program NASTE (Nucleic Acid STructure Evaluation), which utilizes a global helix axis to determine each parameter. The rhGG, rwcGC, and rwGT structures were analyzed with the 5 H -overhangs removed and with the remaining d(CG) 3 duplex juxtaposed to the reference d(CG) 3 structure. Residues 2 to 7 and 9 to 14 in the rhGG, rwcGC, and rwGT duplexes, respectively, correspond to residues 1 to 6 and 7 to 12 in d(CG) 3 .
pairs as Z-DNA in the center of the hexamer structure.
In the lattice of the current heptanucleotides, the reverse base-pairs bring adjacent helices so close together that a direct helix to helix hydrogen bond forms between O2P of G3 and the O3 H of G7 of the duplexes. This hydrogen bond is analogous to the short (2.63 A Ê ) interhelical hydrogen bond observed between the O1P of G2 of one hexamer duplex and the O5
H of G12 in an adjacent hexamer in the crystal structure of the Z-DNA hexamer d(CG) 3 (Wang et al., 1979 (Wang et al., , 1981 .
The third base step in each strand of these heptanucleotide structures (G3/C4 and G10/C11) is in the unusual Z II conformation, which has been attributed to crystal packing effects in the crystal structure of d(CG) 3 (Wang et al., 1979 (Wang et al., , 1981 . When a base step is in the Z II conformation, the intervening phosphate is rotated outward about 1 A Ê away from the minor groove. In all three heptamer crystal structures, the phosphates of nucleotides C4 and C11 are not directly hydrogen-bonded to a neighboring duplex or a metal complex, as was observed in the base steps that adopt the Z II conformation in the crystal structures of Z-DNA hexamers and decamers (Gessner et al., 1985 , Brennan et al., 1986 . Thus, while the Z II conformation in the heptamers may be caused by crystal packing, the lattice interactions causing this distortion remain unclear.
Structure of the helical stacked guanosine nucleotide
In all cases, the guanosine residue that remains stacked against the Z-DNA duplex is in the syn conformation, extending the alternating anti-syn pattern of nucleotides from the duplex to include this overhanging nucleotide. The syn conformation of this nucleotide is stabilized by a hydrogen bond between the O5 H oxygen atom of the terminal hydroxyl group to the N2 amino and N3 nitrogen atoms of the guanine base (Figure 2 ). The WatsonCrick edge of the guanine is subsequently oriented to allow pairing with the intervening base of the extra-helical overhanging nucleotide of an adjacent duplex. Since the interduplex base-pairs bring the 5 H -nucleotides of adjacent duplexes together within these layers, the strands held together in this manner are necessarily parallel with each other. These base-pairs are therefore the reverse type, with the d(GÁ G) overhangs forming reverse Hoogsteen-type base-pairs, the d(G Á C) overhangs forming reverse Watson-Crick base-pairs, and d(GÁT) overhangs forming reverse wobble base-pairs (Figures 1 and  2) .
Structure of the reverse Hoogsteen d(G Á G) base-pair
The Watson-Crick edge of the stacked guanine faces the Hoogsteen edge of the extra-helical guanosine nucleotide of an adjacent duplex to form a reverse Hoogsteen-type d(GÁG) base-pair (rhGG, Figure 2(a) ). In this case, although the stacked guanosine is in syn, the extra-helical guanosine base adopts the anti conformation. This is analogous to the two mismatched G(anti)Á G(syn) Hoogsteen base-pairs in the structure of d(CGCGAATTGGCG) 2 (Skelly et al., 1993) . The hydrogen bonds that hold the base-pair together are shown in Figure 2(a) . The N1 to N7 distance is in the range of hydrogen-bond donor to acceptor distances observed in Watson-Crick base-pairs. The N2 to O6 distance, however, is signi®cantly longer than that expected for a standard hydrogen bond. This is a result of the shift of both guanine residues within the plane of the bases. This shift is very noticeable when the rhGG base-pair is superimposed on a rhGG base-pair that is part of the r[(GÁC)*G] triplet in yeast tRNA Phe (Westhof et al., 1988; Figure 4) , and is likely the result of an additional hydrogen bond formed between the N2 amino nitrogen of the extra-helical base and the O2P oxygen of cytidine 9 of a third duplex. The base planes of the two guanine residues are almost exactly coplanar as a consequence of being sandwiched between two Watson-Crick base-pairs of the stacked Z-DNA duplexes (Figure 5a ). In contrast, the Hoogsteen d(GÁ G) base-pairs in the antiparallel duplex of d(CGCGAATTGGCG) are propeller twisted about their long axes (Skelly et al., 1993 ). In the current structure, several water molecules link each overhanging guanine base to neighboring DNA atoms. There is, however, no water molecule that directly bridges the two guanine residues in this rhGG base-pair. The structure of this base-pair is distorted by the crystal lattice and therefore may not represent the type of rhGG base-pair expected (Westhof et al., 1988) . The hydrogen bonds between the analogous bases in the two structures are drawn as broken lines. This superposition reveals a sliding of G8 within the base plane of the Hoogsteen-like base-pair in the current structure. This is likely a result of the hydrogen bond formed between the N2 amino group and an oxygen atom from the phosphodiester bond of a third duplex (not shown).
Structure and Stability of Reverse Base-pairs to form in RNA structures. We will still refer to this as the rhGG base-pair, however, because it does conform to the geometry of this type of basepair ( Figure 1 ) and, as we will see later, will be a useful reference structure for comparing the stabilities of the rwcGC and rwGT base-pairs.
Structure of the reverse Watson-Crick d(G Á C) base-pair
A reverse Watson-Crick base-pair is formed by pairing the stacked guanosine with the extra-helical cytidine of a d(CCGCGCG) strand, with the Watson-Crick edges of their bases facing each other. In this case, the cytidine in anti pairs with the guanosine in syn. In contrast to the normal d(GÁ C) base-pairs, the resulting rwcGC base-pair is held together by only two hydrogen bonds (from the N1 and N2 of the guanine to O2 and N3 atoms, respectively, of the cytosine base. In addition, a single water molecule was observed to bridge the guanine N2 to the cytosine N4 nitrogen atom, which may provide additional stability to this base-pairing (Figure 5b ). When taken together, the reverse Watson-Crick base-pair appeared to have the greatest number of base-base and basewater-base hydrogen bonds of the three reverse base-pairs presented here.
Structure of the reverse wobble d(G Á T) base-pair
A reverse wobble base-pair is formed by pairing the stacked guanosine with the extra-helical thymidine of the d(TCGCGCG) strand, with their Watson-Crick edges of their bases facing each other. In this case, both nucleotides are in the synconformation. The resulting rwGT base-pair is held together by two hydrogen bonds (from the N1 and O6 atoms of the guanine to the O4 and N3 atoms, respectively, of the thymine base; Figure 3c ). In several crystal structures of DNA duplexes containing wobble GÁ T mismatches, a water molecule or a hydrated magnesium cation bridges the guanine O6 and the thymine O4 (Ho et al., 1985; Hunter et al., 1986) . No analogous solvent interaction was observed in the current rwGT base-pair. In fact, very few water molecules were observed around this base-pair ( Figure 5(c) ). This may be the result of slight positional disorder within the basepair plane. The average temperature factors for this base-pair are $twofold higher than the remainder of the DNA, and 20% higher than that of the rhGG and rwcGC base-pairs.
The deoxyribose O5 H oxygen atom of the thymidine forms a hydrogen bond to the O2 atom oxygen in the base of cytidine C9 from an adjacent stacked duplex. This intermolecular hydrogen bond apparently stabilizes the syn conformation of the thymidine nucleotide. In comparison, the deoxyribose O5
H of the anti cytidine in the rwcGC base-pair does not show this same hydrogen bonding interaction. As in the case of the rhGG basepair, the bases in the rwGT base-pair are nearly coplanar. This is similar to the normal wobble d(GÁT) base-pair observed in the crystal structure of a Z-DNA hexamer (Ho et al., 1985) . On the other hand, the normal wobble d ( 1995) and A-RNA crystal structures (Holbrook et al., 1991 , Cruse et al., 1994 show signi®cant propeller twists.
Relative stability of reverse base-pairs
We observed only the rwGT base-pairs in the crystals of the heterogeneous duplexes formed by mixing the sequence d(GCGCGCG) with d(TCGCGCG). To con®rm this observation from the crystal structure, the single crystal was redissolved and the DNA strand composition analyzed by MALDI mass spectrometry ( Figure 6 ). The mass spectrum showed that, within experimental error, the crystal was composed of near equal ratios of the two strands. Mass spectra recorded from the four remaining crystals in the crystallization set-up were identical with that of the mounted crystal, indicating that this was not unique to the crystal that we had originally studied. We would expect that mixing these sequences would result in a 1:2:1 ratio of d(GCGCGCG) 2 , d(GCGCGCG)/d(TCGCGCG), and d(TCGCGCG) 2 duplexes in solution. This mixture of homo-and heteroduplexes should also be observed when d(GCGCGCG) is paired with d(CCGCGCG). Again, only the rwcGC pairing was observed. Thus, the crystal lattice discriminates between the reverse base-pairs that are formed by the overhanging nucleotides, favoring both rwGT and rwcGC over rhGG base-pairs.
In order to gain additional insight into the mechanism for this discrimination and the free energy differences between the rhGG versus either rwGT or rwcGC, we studied the crystallization of these duplexes in solutions containing increasing ratios of the d(GCGCGCG) strand (G S ) relative to either the d(TCGCGCG) or d(CCGCGCG) strands, redissolved the DNA in the crystals, and quanti®ed the strand composition within the crystals by mass spectrometry. The mass spectra showed equal quantities of d(GCGCGCG) and d(TCGCGCG) when the two strands were added at a 1:1 ratio, but showed only the d(GCGCGCG) strand at ratios 52:1. For the d(CCGCGCG) containing crystals, equal proportions of both strands persisted to a ratio of 3:1. At a 4:1 ratio of d(GCGCGCG) added to d(CCGCGCG), however, the spectrum showed predominantly (>90%) the d(GCGCGCG) strand. Thus, the crystals convert from the heteroduplexes to the homoduplex of d(GCGCGCG) 2 as the ratio of d(GCGCGCG) added was increased. The order of stability for the reverse base-pairs can thus be de®ned as rwcGC > rwGT > rhGG. This was con®rmed in an experiment where crystals were grown with all three sequences added in equal proportions. In this case, the mass spectrum of the dissolved crystals showed only the d(GCGCGCG) and d(CCGCGCG) strands, indicating that this was the preferred pairing of the DNA.
To estimate the stability of the rwcGC and rwGT base-pairs relative to the rhGG base-pair, we derived a thermodynamic model to simulate these titration results. The sharp transition from hetero-to homoduplexes in the crystals suggests that discrimination between the various reverse base-pairs occurs at a highly cooperative step , 1992) . The conformation of the base relative to the deoxyribose ring is denoted beside w angles as either S (syn) or A (anti). (YY) are not considered in the model because these have not been observed to crystallize in these studies. Qualitatively, we can think of this mechanism as one in which the initiation step of crystallization is the formation of a lattice in a solution consisting of either the homo-or heteroduplexes of the DNA. Once formed, this lattice allows the addition of duplexes that are identical with those already in the lattice, excluding all others. Thus, discrimination between base-pairs results from the probability of bringing n number of identical duplexes together to form the initial nucleating lattice in solution (equations (1) and (2)). Subsequent growth of the crystal is then dependent on the composition of this initial lattice:
The duplexes in the lattices (GG L and GY L ) are considered to be in equilibrium with the free duplexes in solution (GG S and GY S ) in this model. Thus, the probability for forming GY L versus GG L is given by equation (3), where K GYL and K GGL are the equilibrium constants for formation of the nucleating lattices:
The ratios of the homo-and heteroduplexes in solution are dependent on the ratios of the single-strands added to the solutions (equations (4) to (6) Since the base-pairing and structure of the resulting duplex regions are identical between the homo-and heteroduplexes, we can assume that
. During the slow nucleation steps, the DNA is predominantly in solution, so that [G S ]/[Y S ] can be assumed to be the ratio of the two strands added to solution. The relative probabilities for initiating the GG L and GY L lattices are related to the strand compositions of the crystallization setup and to the difference in free energy between the lattices of the two types of duplexes (ÁÁG ), as in equation (7):
The mass spectrometry analyses provide the compositions of the crystals as the types of singlestrands and not of DNA duplexes. Thus, the observed quantities are the ratios of the individual strands that are associated with each type of duplex that is potentially found in each crystal. The GG L species contributes two strands of d(GCGCGCG) while GY L contributes one such strand. The observed quantity of d(GCGCGCG) in the lattice (G obs ) is thus 2 GG L GY L . The amount of Y strand observed from the mass spectra (Y obs ) is simply GY L , since this is the only species that contributes. Thus, the ratio
The data we obtained showed the complete conversion from the heteroto the homoduplex; we therefore represent the observed data as the fraction of Y obs ( f Y , from 0.5 to 0.0). Finally, this can be related to the ratio of the two strands in solution by equation (8):
Using equation (8) Figure 7a ). The simulated curve at n 16 reproduces the sharp transition observed between the two lattice types (assuming a 10% accuracy in de®ning f Y from the mass spectrometry data). This suggests that the discrimination between rwcGC and rhGG basepairs in the crystal lattice occurs when a minimum of 16 duplexes (the contents of four complete unit cells) associate to form an initiation complex. The assembly of four complete unit cells in the lattice, therefore, appears to be the de®ning step for the composition of the crystals. The assembly of a minimum of four unit cells produces an environment in which all the possible intermolecular interactions (within the unit cell and between unit cells) are represented. With the value of n 16, or four unit cells de®n-ing the minimum size of the initiation complex, we can now estimate the free energy differences between rhGG and the other two types of base-pairs. In this initiation complex, there is one interduplex base-pair interaction within each unit cell and one between each unit cell. For the most compact assembly, there are a total of four base-pairs within and four between the four unit cells, yielding a total of eight identical base-pairing interactions. If we now consider the total difference in free energy of interaction as the sum of eight individual interactions (ÁÁG /int), the titration curves can be simulated (equation (8); Figure 7b ). This assumes that only the differences in the free energy for pair-ing bases between the duplexes are important. A comparison of the simulated and the mass spectrometry results show the rwcGC base-pair to be $1.5 kcal/mol more stable than rhGG, and rwGT to be $0.5 kcal/mol more stable than rhGG, within this crystal system.
Discussion
We present here the structures of reverse basepairs formed by pairing the 5 H -overhanging nucleotide of d(Gm (Figure 2 ). The common guanosine nucleotide is stacked against the standard Z-DNA and is relatively in¯exible in its conformation (Figure 3) . In all three structures, this guanosine is in the syn conformation, extending the alternating anti-syn character of the Z-DNA duplex.
The extra-helical nucleotide, which distinguishes each type of base-pair, adopts either the anti conformation (in rhGG and rwcGC) or the syn conformation (in rwGT). This is likely determined by the requirements for orienting the base so that the proper face is presented to the stacked guanine to form the base-pair. For example, the thymine of the rwGT base-pair must lie towards the major groove of the guanine in order to properly pair its N3 and O4 atoms with the O6 and N1 of the guanine base (Figure 2(c) ). This pushes the pyrimidine base closer to the duplex in the lattice and thus requires that the nucleotide adopt the more compact syn conformation ( Figure 5(c) ). The cytosine and guanine bases of the rwcGC and rhGG base-pairs, on the other hand, are pulled towards the minor groove, and thus can adopt the more extended anti conformation (Figure 2(a) and (b) ). Indeed, the rhGG is an extreme case, where the extra-helical guanosine residue is extended to the point where it now has only a single hydrogen bond within the base-pair. A second hydrogen-bonding interaction occurs between the N2 amino nitrogen atom of this extended guanosine and the O2P oxygen atom of cytidine 9 in a third duplex (Figure 5a ). This feature of the purine-purine base-pair is not observed in either of the base-pairs formed with the pyrimidine residues.
The structure of the rwcGC base-pair is identical with that of the analogous base-pairs observed in tRNA (Westhof et al., 1988) . The root-mean-square (rms) deviation between the atoms of the bases in this structure and that of the tRNA Phe is 0.160 A Ê . In comparison, the average rms deviation of the d(GÁ C) Watson-Crick base-pairs within the structure of rwcGC is 0.124 A Ê , and relative to the d(GÁC) Watson-Crick base pair in the structure of B-DNA at 2.5 A Ê resolution is 0.184 A Ê . Likewise, the bases of the rwGT base-pair are similar to the G Á U reverse wobble base-pair observed in the solution structure of the unusually stable RNA hairpin formed by the sequence r(GGAC(UUCG)GUCC) (Varani et al., 1991) .
In all of these crystal structures, only one wellde®ned type of reverse base-pair was observed, even though we attempted to solve the structures with all possible combinations of base-pairs. It is easy to rationalize the common stacked guanosine nucleotide, since this is an extension of the highly invariant Z-DNA duplex. It is less obvious, however, why the extra-helical base of the heteroduplexes should always be the pyrimidine, since the pairing two guanine residues of the homoduplex can obviously be accommodated by this same lattice. Mass spectrometry analysis of these heterodu- The values for f Y were calculated using equation (8), with n 16 and the difference in free energy between the rhGG and the rwcGC and rwGT reverse base-pairs normalized to each interaction expected within and between four unit cells (ÁÁG /interaction) set at 0.0, 0.5, 1.0, and 1.5 kcal/mol.
Structure and Stability of Reverse Base-pairs plex showed that crystals grown with equal ratios of each strand are composed only of the heteroduplexes. In addition, when looking at the population of crystals, all the crystals analyzed in this way had this same composition. We concluded that the difference must result from the greater stability of the rwcGC and rwGT base-pairs over the rhGG in this environment.
Since these base-pairs result from crystal lattice interactions, we were able to estimate the relative stability of each type of base-pair within nearly identical environments by analyzing the compositions of crystals grown with various ratios of the parent strand (d(GCGCGCG)) with the paired pyrimidine strand (d (CCGCGCG) or d(TCGCGCG) ). In the case of the rwcGC structure, the transition from all heteroduplexes to all homoduplexes in the crystals was highly cooperative. The simplest model for this transition de®nes the discriminating step as the initial nucleation event of crystal growth. This is not the only interpretation of the cooperativity. However, it seems reasonable that once a particular lattice type is established, the growth of the crystal can proceed only by extending this same lattice. The minimum cooperativity coef®cient that ®ts the data requires that 16 duplexes be involved in the nucleation of the crystal. This is the content of four complete unit cells, suggesting that this is the minimum size of a regular lattice. In this model, all the interactions between molecules within the unit cell and between unit cells are established within this minimum lattice. Thus, once this initial lattice is formed, the structure of the pockets in which the extra-helical bases must ®t become de®ned. These pockets then allow only a single type of duplex to add to the crystal lattice.
The free energies determined here are speci®c for the base-pairing and lattice interactions observed in these crystals, with the rwcGC > rwGT > rhGG base-pairs. All of these form two hydrogen bonds within the lattice, either directly to the stacked guanine, as in the rwcGC and rwGT structures, or one with the stacked guanine and one with the backbone of a third duplex as in the rhGG structure. With both the atomic resolution structures and the thermodynamic data in hand, we can ask what accounts for the differences in stability. The rwcGC base-pair places the pyrimidine nucleotide in the anti conformation. In addition, water molecules in the plane of the base-pairs accommodate the unful®lled hydrogenbonding groups of the bases and thus may contribute to the overall stability of the rwcGC basepairing.
The relative instability of the rwGT base-pair likely results from the disfavored syn conformation adopted by this pyrimidine base (Haschemeyer & Rich, 1967; Neumann et al., 1979) . Furthermore, no water molecule was observed bridging the guanine and thymine bases, as has been observed in the structures of``normal'' d(G ÁT) wobble base-pairs (Ho et al., 1985; Kneale et al. 1985; Hunter et al., 1986) .
The relative instability of the rhGG base-pair is likely associated with the sliding of the extrahelical guanine away from the stacked guanine, leaving only a single distorted hydrogen bond between the two bases. Still, one would expect the hydrogen bond interactions between the N2 amino nitrogen atom and the phosphate group of a third duplex (there is one direct hydrogen bond and a second water molecule-mediated interaction) to compensate for the hydrogen bond lost between the two bases. However, the coordination of three duplexes to form all the observed hydrogen bond interactions may not occur during the nucleation event. It is not clear whether a more standard rhGG base-pair forms at these initial stages, which is then distorted by subsequent lattice interactions. To test these possibilities, we crystallized a reverse d(A Á A) base-pair, but its structure is signi®cantly different from the d(GÁ G) so that they are not comparable at this time. The structure and thermodynamics of a d(GÁ I) base-pair in this crystal system should resolve this problem. Thus, although the rhGG base-pair observed here is highly distorted by the crystal lattice, and thus may not represent the structure expected in RNA structures, it does serve as a reference for comparing the stability of rwcGC and rwGT base-pairs.
Materials and Methods

Synthesis, purification, and crystallization
The seven-base oligonucleotides d(Gm 5 CGCGCG), d(GCGCGCG), d(TCGCGCG), and d(CCGCGCG) were synthesized using phosphoramidite chemistry on an Applied Biosystems DNA synthesizer in the Center for Gene Research and Biotechnology at Oregon State University. Size exclusion chromatography on a Sephadex G-25 column was used to remove salts, blocking groups, and prematurely terminated oligonucleotides. The oligonucleotides were lyophilized, redissolved in 30 mM sodium cacodylate buffer (pH 7.0), and used for crystallization without further puri®cation. The oligonucleotides d(GCGCGCG) and d(Gm 5 CGCGCG) produce homoduplexes with two G overhangs. The oligonucleotides d(GCGCGCG) and d(TCGCGCG) were mixed in an equimolar ratio to yield duplexes with G and T overhangs. Likewise, d(GCGCGCG) and d(CCGCGCG) were similarly mixed to produce duplexes with C and G overhangs.
Crystals of the duplexes were grown at room temperature by vapor diffusion in sitting drop setups. All sequences crystallized from initial solutions containing 0.5 mM DNA (single-strands), 50 mM sodium cacodylate (pH 7.0), 1 mM MgCl 2 , 2.5 mM cobalt hexaammine (Aldrich), and 5% (v/v) 2-methyl-2,4-pentanediol (MPD), equilibrated against a reservoir of 17% MPD. Blocky, amber-colored plates appeared within one week and reached dimensions of up to 0.4 mm Â 0.4 mm Â 0.1 mm within two weeks.
X-ray diffraction data collection
X-ray diffraction data for the crystals were collected at room temperature using a Siemens P4 diffractometer with a Siemens HI-STAR area detector (Cu-K a radiation from a sealed tube source). The raw data were integrated and scaled using the software package SAINT (Siemens, Inc.). All crystals were isomorphous (in the space group P2 1 2 1 2 1 with nearly identical unit cell dimensions (Table 3) ), and diffracted to high resolution (1.68 to 1.9 A Ê ).
Structure solution and refinement
The structure of d(Gm 5 CGCGCG) was solved ®rst using features of the diffraction data to construct an appropriate model for molecular replacement. The dimensions of the unit cell suggested that the heptamer was in the Z-DNA form and aligned along the crystallographic c-axis. The space group was the same as that of most previously crystallized Z-DNA hexamers, and the a and b unit cell axial lengths were very similar to those of the archetypal Z-DNA hexamer d(CGCGCG) (Wang et al., 1979 (Wang et al., , 1981 . The length of the c axis ($52 A Ê ) could accommodate 14 base-pairs with a helical rise of 3.7 A Ê , suggesting that the helical axes of two stacked heptamers were aligned parallel to the c-axis. This was con®rmed by the Patterson map, which showed base-pair cross vectors spaced 3.7 A Ê apart along the c-axis.
The alternating purine-pyrimidine heptamer sequence could pair to form d(Gm (Mooers et al., 1995) . This is consistent with studies by Quadrifoglio et al., (1984) showing that short alternating d(CG) sequences, but not alternating d(GC) sequences form Z-DNA in solution. Both possibilities, however, were tested. Models of both types of structures were constructed using the program InsightII (Biosym/MSI Corp.) with standard helical parameters for Z-DNA. The initial 3 H -overhang model was generated by removing the cytidine nucleotide at the 5 H -end of the duplex structure of d(CGCGCGCG), while the 5 H -overhang model was constructed by removing the nucleotide at the 3 H -end of the duplex structure of d(GCGCGCGC).
For each initial model, the best orientation and position of the heptamer in the unit cell was located using the rotation and translation search functions of the program AMoRe (Navaza, 1994) . The R-values for the best initial solutions were 44.7% for the 5 H -overhang model and 47.7% for the 3 H -overhang model. Subsequent re®ne-ment of these models demonstrated that the 5 H -overhang structure was correct. The model was re®ned to an Rvalue of 41.6% using the rigid body and rigid parts (with the bases, deoxyribose, and phosphate treated as independent groups) re®nement functions in X-PLOR (Bru È nger, 1992) using a new parameter ®le for the DNA (Parkinson et al., 1996) and data from 8 to 3.5 A Ê . After simulated annealing (with a starting temperature of 3000 K) the R-factor was reduced to 30.6% for data from 8 to 2.2 A Ê .
The actual conformations of the overhanging nucleotides were determined from electron density maps calculated using only the phasing information from the six base-pairs of the d(CGCGCG) duplex. Difference maps generated using XtalView (MacRee, 1992) showed that only one of the 5 H -terminal guanine bases was stacked. The other overhanging nucleotide was¯ipped out and extended so that it base-paired with the stacked overhanging guanine of a neighboring duplex (Figure 2 ). The re®nement converged to a ®nal R of 20.7% (R free 27.8%) at 1.68 A Ê resolution, with 49 water molecules added, including one cobalt hexaammine and one hydrated magnesium complex. The coordinate error of less than 0.2 A Ê was estimated from a Luzzati plot (Luzzati, 1952) .
The ®nal structures of d(GCGCGCG) 2 and d(Gm Table 4 .
In the crystallization solution of the heteroduplexes, homoduplexes of d(GCGCGCG) may have been present. As an independent check on the composition of the crystals of the heteroduplexes, four large crystals of the duplex d(GCGCGCG)/ d(TCGCGCG) were isolated, carefully washed with cold crystallization solution lack- a R sym (I) 100 Â (AEhkl (jI À hIij/jhIij))/ n where I is the integrated intensity of a re¯ection, hIi is the average of all observations of the re¯ection and its symmetry equivalents, and n is the number of unique re¯ections. All positive, non-zero re¯ections were merged.
ing DNA, dissolved at 90 C in 50 ml of deionized and distilled water, and individually analyzed by mass spectrometry as described below. The spectra from each crystal showed that the d(GCGCGCG) and d(TCGCGCG) strands were present in a 1:1 ratio ( Figure 6 ).
Helical parameters for the Z-DNA duplex regions were analyzed using the program NASTE (Nucleic Acid STructure Evaluation), a program developed in this laboratory for analysis of the helical parameters in Z-DNA structures. The ®nal coordinates and structure factors for the structures of d(Gm (Berman et al., 1992) . Their reference codes are ZDGB55, ZDG054, and ZDG056, respectively.
Crystallization and mass spectrometry analyses of crystals grown with different strand compositions
To estimate the relative stability of the different duplex pairings, crystals were grown from solutions in which d(GCGCGCG) was mixed with either d(CCGCGCG) or d(TCGCGCG) in molar ratios of 1:1, 2:1, 3:1, and 4:1, with the total concentration held constant at 1.4 mM. The crystallization solutions contained the identical buffers, salts, and precipitants as those that yielded the original crystals. After two weeks, crystals were isolated from the setups, washed several times with deionized water, then dissolved into deionized water for analysis by mass spectrometry.
Dialyzed DNA from the dissolved crystals was analyzed by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry using a custom-built timeof-¯ight instrument, as previously described (Jensen et al., 1993) . All samples were analyzed with a matrix of 10 mg/ml of 2,4,6-trihydroxyacetophenone (Aldrich) in a 50 mM diammonium hydrogen citrate/50% (v/v) acetonitrile solution. For each mass analysis, 0.5 ml of DNA analyte was mixed in a 1:2 ratio with the matrix solution and 0.5 ml of this mixture was placed on the sample stage. At the ®rst sign of crystal formation (generally 10 to 15 seconds after deposition when viewed with a stereo microscope), the droplet was gently wiped with a lab tissue, leaving a seed layer of crystallites on the surface of the sample stage. Another 0.5 ml of the analyte/ matrix mixture was then deposited on top of the seed layer and then gently rinsed with cold (4 C) Millipore-®l-tered water. Each mass spectrum was recorded as the sum of 30 consecutive spectra, each produced by a single pulse of 355 nm photons from a Nd:YAG laser (Spectra Physics). Mass spectra were calibrated using ion-signals from the matrix. a Exclusive of the re¯ections sequestered in the test set to calculate R free . Re®nements were made with a three sigma on F cutoff on each dataset.
b Each structure was re®ned with a cobalt hexa-ammine and a hexa-aquomagnesium complex in addition to these water molecules.
